Ghost imaging is a novel imaging technique in which the image of an object is revealed only in the correlation measurement between two beams of light, whereas the individual measurements contain no imaging information. Here, we experimentally demonstrate storage and retrieval of ghost images in hot atomic rubidium vapor. Since ghost imaging requires (quantum or classical) multimode spatial correlation between two beams of light, our experiment shows that the spatially multimode correlation, a second-order property of light, can indeed be preserved during the storage-retrieval process. Our work, thus, opens up new possibilities for quantum and classical two-photon imaging, all-optical image processing, and quantum communication.
Dynamic and reversible storage of the optical field has great potential both in classical (all-optical signal and image processing, etc.) and quantum information (quantum communication, photonic quantum computing, etc.) One promising approach to achieve coherent storage of the optical field is based on electromagnetically-induced transparency (EIT) in which the propagation of a weak signal field is coherently manipulated by a strong coupling field [1] . Since the quantum state of the signal field is preserved during the storage-retrieval process in the EIT medium [2] , the EIT-based light storage facilitates photonic quantum memory [3] [4] [5] [6] [7] [8] . In recent years, other schemes for coherent light storage have also become available, including controlled reversible inhomogeneous broadening, atomic frequency comb, gradient echo memory, and off-resonant Raman memory [9] [10] [11] [12] [13] [14] .
Lately, there have been great interests in expanding the capacity of coherent light storage to spatially multimode fields for storing optical images [15] [16] [17] [18] . To date, coherent storage of optical images has been demonstrated only for images imprinted directly on the transverse profile of a laser pulse which is a first-order multimode property of light [16] [17] [18] . Then, the question naturally arises: Can a second-order multimode property of light be coherently stored and retrieved? One prominent and useful example of the second-order multimode property of light is the transverse correlation between two beams of light which directly leads to ghost imaging.
Ghost imaging is a novel imaging technique in which the image of an object is revealed only in the second-order correlation measurement between two beams of light, whereas the individual measurements contain no imaging information [19] . Since quantum (classical) ghost imaging requires spatially multimode quantum (classical) correlation between two beams of light [20, 21] , the question is directly related to whether or not spatially multimode * choyoungwook81@gmail.com † yoonho72@gmail.com (quantum or classical) correlation between beams of light would survive the storage-retrieval process. As the ghost imaging technique has a number of interesting potential applications, including sub-shot noise quantum imaging [22] , remote sensing [23] , X-ray diffraction imaging [24] , and optical encryption [25] , the ability to coherently store (quantum or classical) ghost images would significantly advance and bring practicality to these applications. Furthermore, coherent storage of spatially multimode correlation would lead to new applications of entangled images [26] .
In this paper, for the first time, we report storage and retrieval of ghost images in hot atomic rubidium vapor. By making use of the thermal ghost imaging scheme [20, 21] and the EIT light storage technique [3] , we demonstrate experimentally that the ghost image can still be revealed in the second-order correlation measurement of the retrieved fields. This result establishes clearly that the transverse multimode correlation can in fact survive the storage-retrieval process, enabling potential applications of quantum and classical correlation imaging.
The experimental setup is shown in Fig. 1 . Let us first describe the source of correlated twin beams used in the experiment. The transverse correlated twin beams were generated by splitting a pseudo-thermal light beam with a polarizing beam splitter PBS1 [20, 21] . The pseudothermal light source was prepared by focusing an external cavity diode laser beam, locked to one of the Rubidium 87 D1 transition lines 5
, at a rotating ground disk (not shown in Fig. 1 ) [8] . To characterize the temporal properties of the pseudo-thermal light, we measured the second-order temporal coherence of the light by using the Hanbury-Brown-Twiss interferometer. The light reflected at PBS1 was collected at a single-mode fiber connected to a 3dB fiber beam splitter. The two outputs of the fiber beam splitter were connected to single-photon detectors for measuring the second-order temporal correlation function g (2) (τ ) [8] . For thermal light, g 
, is spatially and temporally matched with the signal beam inside the vapor cell for preparation and manipulation of the EIT medium. Note that both the bucket detector and the CCD individually do not exhibit any imaging information. The ghost image of the mask is revealed in the correlation measurement between the bucket detector and the CCD.
A more detailed schematic of the experimental setup is shown in Fig. 1(b) . At the detection plane (the bucket detector and the CCD), the light field can be written as
, where r ′′ i is the transverse position vector, E in ( r ′′ i ) refers to the fields at the plane immediately after PBS1, and h i ( r i , r ′′ i ) is the impulse response function of each optical system. In the reference beam, an object (Mask with OCR-a character 5) is placed immediately after PBS1. Thus, the impulse response function is given as h 1 ( r 1 , r
is the complex transmission function of the object. In the signal beam, the optical system consists of a 4f imaging system and the EIT medium (vapor cell). The impulse response function of the optical system without the EIT medium can be written as h 2 ( r 2 , r ′′ 2 ) = δ( r 2 + m r ′′ 2 ), where m = f 2 /f 1 is the magnification factor. Note that due to the lensless ghost imaging effect [27] , the sharp ghost image of the object placed
where Γ( r
2 ) is the mutual spatial correlation function. Assuming that the thermal light is spatially incoherent with a uniform intensity distribution Γ( r Thus, in the absence of the EIT storage medium, we expect to observe an inverted ghost image with the magnification factor of m.
To be able to extract the ghost image from the correlation measurement, the measurement time should be smaller than the coherence time of the light source, τ c = 7.26 µs. Our CCD, however, has the minimum exposure window of 43 µs. Thus, we shaped the thermal light into a 10 µs square pulse by using an acousto-optic modulator and by delaying the CCD triggering time by 6 µs with respect to the main clock, we are able to achieve an effective 4 µs exposure window. The experimental ghost image is shown in Fig. 2 and, for this measurement, the coupling beam was turned off so that the vapor cell did not act as an EIT medium. As shown in Fig. 2(a) , a single shot image from the CCD in the signal beam exhibits a random speckle pattern. The spatial intensity autocorrelation function calculated from this measurement shows a clear signature of the spatial bunching effect, see Fig. 2(b) . Note that the the full width at half maximum (FWHM) of the spatial intensity autocorrelation gives the transverse coherence length of the beam, 67.0 ± 0.4 µm, which is related to the resolution of the ghost image [20] . The digitized signal from the bucket detector as well as the CCD output are recorded in a computer. The cross-correlation measurement of the two output signals (photodetector and CCD) are averaged over 5,000 shots to reveal the ghost image of the mask, Fig. 2(c) . Note that, as expected, the ghost image is inverted and reduced in size.
Having seen the ghost image, we now move on to discussing storage and retrieval of the ghost image. The atomic vapor cell (a 50 mm long natural isotopic abundant Rubidium cell with 49 Torr Ne buffer gas) is placed at the Fourier plane of the 4f imaging system. The vapor cell was heated to 70 ∼ 80
• C, providing a rubidium vapor density of approximately ∼ 10 12 /cm 3 . As discussed earlier, the thermal light source and the coupling beam were locked to 5 Fig. 1(b) . The power of the coupling beam is 25 mW with a 5 mm beam diameter. Figure 3(a) shows the synchronized timing sequence employed for storage and retrieval the ghost image. First, the thermal light source is shaped to a 10 µs rectangular pulse as mentioned earlier and the coupling beam is turned on to prepare the EIT medium for storage. After the signal pulse has completely entered the vapor cell, the coupling beam is turned off, storing the signal beam in the EIT medium. After some storage duration (4 µs ∼ 20 µs), the coupling beam is temporally turned back on for 4 µs and, during this time, the signal beam stored in the EIT medium is partially retrieved. The CCD is triggered so that the exposure window overlaps only with the retrieved signal. The ghost images reconstructed from the correlation measurement of the reference beam (with a bucket detector) and the stored signal beam (with a CCD) are shown in Fig. 3(b) . The storage time varies between 4 µs to 16 µs and each ghost image is reconstructed from 5,000 shots of such measurements. It is apparent that transverse spatial multimode correlation between the twin beam survives the storage-retrieval process. Also, the reconstructed ghost images are clearly identifiable without broadening by atomic diffusion.
To analyze the effect of storage time on the quality of the ghost image more clearly, we plot the vertical crosssections of the ghost images in Fig. 4(a) . The crosssectional plots show that the strength of the correlation decays exponentially with the storage time. However, the visibility values calculated from each cross-sectional data set do not vary much. This, then, suggests that the quality of the ghost image is more properly characterized with the contrast-to-noise ratio (CNR) defined in Ref. [29] , rather than the visibility. Figure 4(b) shows the CNR as a function of storage time. Clearly, the quality of the retrieved ghost images is degraded with longer storage times and this is mainly due to the fact that, with longer storage times, the retrieval efficiency is reduced. However, as the visibility is not severely degraded with longer storage times, it is possible to increase CNR by taking more measurements [29] . (In our experiment, all ghost images are reconstructed from 5,000 shots of corre- lation measurements.) Additionally, computational algorithms can help to increase the ghost imaging CNR and resolution [30] .
The effect of storage time on the image quality can be theoretically studied as follows. The signal field E in ( r ′′ 2 ) at the ghost object plane is Fourier transformed by the lens (L1) and stored as the coherence between the atomic ground states |1 and |2 [2] . The atomic ground state coherence ρ 12 evolves according to the diffusion equation
where D and Γ are the diffusion coefficient and the ground state decay rate, respectively. The field at the detection plane is then given as [16, 31] 
, where m is the magnification of the 4f imaging system, t s is the storage time, and
Here, f 1 is the focal length of the first lens L1. The retrieved signal field at the CCD plane is then given as d r
The ghost image is obtained by integrating over r 1 d r 1 G( r 1 , r 2 ) ∝ |T (−m r 2 )| 2 exp(−2(β + Γ)t s ).
This result shows that the ghost image can survive the storage-retrieval process while maintaining sharp edges although the overall "brightness" of the ghost image experiences exponential decay. Thus, as mentioned before, CNR of the ghost image can be improved by including more shots of measurements in ghost image reconstruction which is more or less equivalent to making a longer exposure in photography.
In summary, we have demonstrated experimentally storage and retrieval of ghost images in hot atomic vapor. The results therefore clearly show that transverse spatial multimode correlation can be preserved during the storage-retrieval process. In this work, to simplify the experimental setup, we demonstrated storage and retrieval of transverse multimode correlation prepared with a thermal light source. The scheme, however, should work for quantum spatial correlation as well since the storage-retrieval process is coherent. We therefore believe that the ghost imaging storage demonstrated in this work will open up important new applications of quantum and classical correlation imaging, all-optical image processing, remote sensing, quantum communication, and quantum information processing in high dimensions.
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